Abstract In this study, antioxidant biodegradable films based on pea protein and alpha-tocopherol were successfully developed by solution casting. The effect of both the homogenization conditions (rotor-stator and microfluidizer) and the relative humidity (RH) on the microstructure and physical properties (transparency, tensile, oxygen and water vapour barrier properties) of pea protein/alpha-tocopherol-based films was evaluated. The addition of alpha-tocopherol produced minimal changes in the films' transparency, while providing them with antioxidant properties and improved water vapour and oxygen barrier properties (up to 30 % in both water vapour and oxygen permeability) when films were at low and intermediate RH. The addition of alpha-tocopherol in microfluidized films gave rise to an increase in their resistance to break and extensibility (up to 27 % in E values) at intermediate and high RH. These results add a new insight into the potential of employing pea protein and alpha-tocopherol in the development of fully biodegradable antioxidant films which are of interest in food packaging.
Introduction
Nowadays, there is an increasing amount of research into developing active packaging or food coatings containing natural, bioactive compounds, such as antioxidants, or antimicrobials to increase the shelf life and safety of food (Cerqueira et al. 2014) . Direct antioxidant incorporation into foodstuffs is common practice in products that are sensitive to oxidation processes in order to prevent oxidation of food products and the development of off-flavours or color changes. However, some studies reveal that this practice may not be as effective as expected due to the fact that the oxidation reactions increase rapidly when the corresponding antioxidant finishes (Ozkan et al. 2007 ). On the other hand, the amount of antioxidant added to foods is regulated, and some studies have reported that the direct addition of high levels of antioxidants may lead to a risk of lipid pro-oxidation, such as that which occurs in the case of corn oil containing tocopherol in concentrations of up to 500 μg mL −1 Huang et al. 1994) or purified soybean oil (concentrations of up to 250 ppm) (Jung and Min 1990) . In this sense, active packaging is a good option for the controlled release of antioxidants into the foods, avoiding overconcentration which could provoke prooxidation effects (López-de-Dicastillo et al. 2010; Pereira de Abreu et al. 2011 ).
Most of the studies which analyze the effect of alphatocopherol addition refer to plastic films, such as polypropylene (PP) or low-and high-density polyethylene (LPDE and HDPE, respectively) . However, nowadays, there is an increasing demand for alternative biodegradable polymers based on proteins, polysaccharides and lipids. Pea protein films exhibit good film manufacturing properties in both wet (casting) and dry processes (extrusion); however, there is little information in the literature about this protein Han 2001, 2002) .
In this work, the effect of alpha-tocopherol on both the physical properties (tensile, oxygen and water vapour barrier properties) and the antioxidant capacity of pea protein films obtained by casting has been studied. Although the casting method is not feasible for the manufacture of commercial films, this work is a preliminary study to demonstrate the potential of pea protein to be used as a protein matrix, and future studies will compare casting and the dry process in order to simulate the realistic manufacture of films with biodegradable materials.
Methods and Materials

Film Preparation
Film-forming aqueous dispersions containing 4 % (w/w) isolate pea protein (PP) (Pisane®C9 Cosucra, Warcoing, Belgium) and glycerol (Panreac Quimica, S.A., Castellar Del Vallés, Barcelona, Spain) as plasticizer were prepared using a hydrocolloid/glycerol mass ratio of 1:0.25. The required amount of alpha-tocopherol (>95.5 % of purity, SigmaAldrich Chemie GmbH, Steinheim, Germany) (60 and 100 mg alpha-tocopherol g protein
) was added and stirred for 30 min. Emulsions were prepared using a rotor-stator homogenizer ("T samples") (Ultraturax T25, Janke & Kunkel, Germany) in a first step at 13,500 rpm for 1 min and at 20,500 rpm for 3 min. Some of these samples ("M" samples) were homogenized in a second step using a Microfluidizer M-110P (Microfluidics International Corp., Newton, Massachusetts, USA).
Finally, they were degasified at 7 mbar with a vacuum pump (Wertheim, Germany). Film-forming dispersions were obtained in flasks, protected from light to prevent oxidation.
Each film was prepared by weighing the amount of filmforming emulsion containing 1.5 g of total solids. This mass of emulsion was spread evenly over a Teflon casting plate (15-cm diameter) resting on a level surface, and films were formed by drying for approximately 24 h at 45 % relative humidity (RH) and 20°C. Dry films could be peeled intact from the casting surface.
Sample nomenclature was Ya, where "Y" refers to the homogenization process (Ultraturax (T) or Micrufuidization (M)) and "a" is the amount of alpha-tocopherol (0, 60 or 100 g alpha-tocopherol g −1 protein) in the film-forming emulsion.
Barrier Properties
Water Vapour Permeability
A modification of the ASTM (1995) E96-95 (Mc Hugh et al. 1993 ) gravimetric method for measuring the water vapour permeability (WVP) of flexible films was employed, using Payne permeability cups (Elcometer SPRL, Hermelle/s Argenteau, Bélgica). Deionized water or over-saturated NaCl and Mg(NO 3 ) 2 (Panreac Quimica, SA, Castellar del Vallés, Barcelona) solutions were used inside the testing cup in order to reach 100, 75 or 53 % RH, respectively, on one side of the film through a circular opening of 3.5 cm in diameter. Once the films were secured, the cups were placed in preequilibrated cabinets fitted with a variable speed fan to reduce resistance to water vapour transport. The environment within the cabinets was held at a constant RH using over-saturated MgCl 2 or Mg(NO 3 ) 2 solutions in order to reach 33 or 53 % RH, respectively. So, the imposed RH gradients were the following: 53/100, 53/75 and 33/53. During WVP measurement, the side of the film in contact with the Teflon plate was placed in contact with the highest RH. The cabinets were maintained at a controlled temperature of 25°C. The cups were weighed periodically (every 2 h for a day) after the steady state was reached using an analytical balance (±0.0001 g). WVP was determined from the slope obtained from the regression analysis of the weight loss data as a function of time, once the steady state was reached. At least four replicates were obtained from each sample. The method proposed by Mc Hugh et al. (1993) , to correct the effect of concentration gradients established in the stagnant air gap inside the cup, was used.
Oxygen Permeability
The oxygen permeation rate of the films was determined (in triplicate) at 33, 53 and 75 % RH and 25°C using an OX-TRAN Model 2/21 ML Mocon (Lippke, Neuwied, Germany). Film samples were previously preconditioned for 1 week in the desiccators at the RH level of the test using over-saturated MgCl 2 , Mg(NO 3 ) and NaCl solutions. Each sample was placed in the equipment for analysis and was conditioned in the cells for 6 h, subsequently determining the transmission values every 20 min until equilibrium was reached. Oxygen permeability was calculated taking into account both the oxygen transmission rate as well as the thickness of the film.
Tensile Properties
A universal traction testing machine (TA.XT2 plus model, Stable MicroSystems, Haslemere, England) was used to determine tensile strength (TS), elastic modulus (EM) and elongation (E) properties, following the ASTM standard method D882 (ASTM 2001). TS, EM and E properties were determined from stress-strain curves. Two samples of each film were selected for the tensile property measurements, and at least eight replicates of each were tested. The film samples were cut into rectangular samples, 2.5 cm wide and 10 cm long. Before testing, all the samples were equilibrated for 1 week at 33, 53 or 75 % RH in a cabinet using oversaturated MgCl 2 , Mg(NO 3 ) and NaCl solutions, respectively, at 25°C. Equilibrated film specimens were mounted in the extension grips of the testing machine and stretched at a rate of 50 mm min −1 until breaking.
Antioxidant Activity
The antioxidant capacity of films and the pure alphatocopherol was evaluated by means of the Trolox equivalent antioxidant capacity (TEAC), using a modification of the original TEAC method (Re et al. 1999 ). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a vitamin E analogue, was used as an antioxidant standard. Each film sample of 0.1 g was cut into small pieces and hydrated with 2 mL of distilled water for 1 h, and then, 8 mL of methanol was added in order to favour the extraction of the antioxidant components. These samples were maintained under stirring overnight and centrifuged at 4°C, 5,000g for 10 min. The supernatant (film extract) obtained was analyzed for ABTS radical scavenging activity. To this end, 10 μL of the film extracts was added to 1 mL of the ABTS + solution, and absorbance at 734 nm was registered every minute for 6 min. For calibration, Trolox standards of different concentrations were prepared, and the same procedure was followed. The TEAC of the film samples was determined by comparing the corresponding percentage of absorbance reduction at 6 min with the Trolox concentration-response curve. All the determinations were carried out in triplicate using a Beckman Coulter DU 730 (England) spectrophotometer, with methanol as the blank.
Alpha-Tocopherol Concentration in the Film Samples
The concentration of alpha-tocopherol was determined in each film extract from the UV absorbance at 284 nm, using a Beckman Coulter DU 730 (England) spectrophotometer. To this end, a calibration curve was obtained for alpha-tocopherol solutions in methanol/water (80:20).
Scanning Electron Microscopy (SEM)
The SEM technique was used to carry out the microstructural analysis of both the surface and cross section of the films in a JEOL JSSM-5410 (Japan) electron microscope. Pieces of 6 mm×6 mm were cut from films, mounted on copper stubs and fixed on the support using double-side adhesive tape at an angle of 90°C to the surface to allow the observation of the cross section. Samples were gold coated and observed using an accelerating voltage of 10 kV. Measures were taken in triplicate for each sample, and three different films of each formulation were used.
Optical Properties
The films' transparency was determined through the surface reflectance in a spectro-colorimeter CM-3600d (Minolta Co., Tokyo, Japan). Measurements were taken from three films of each formulation by using both a white and a black background. Internal transmittance (Ti) was determined by applying the Kubelka-Munk theory (Hutchings 1999) for multiple scattering to the reflection spectra.
Statistical Analysis
The statistical analysis of the data was performed through an analysis of variance (ANOVA) using Statgraphics Plus (Manugistics Corp., Rockville, MD). Fisher's least significant difference (LSD) procedure was used.
Results
Microstructure and Optical Properties
Microstructural images give relevant information about the arrangement of the components in the dried films as well as their interactions after the drying process. The internal structure and surface appearance of the films were characterized qualitatively by means of SEM. Figures 1 and 2 show surface and cross-sectional images of films prepared with rotor-stator (T films) and with microfluidizer (M films). Generally, T andtocopherol content. As expected, an increase in the concentration of the lipid-dispersed phase promoted the flocculation rate and the subsequent creaming of the lipid aggregates.
Cross-sectional images also show differences in the matrix structure due to the homogenization type and tocopherol concentration. In tocopherol-free films, microfluidization gave rise to a finer arrangement of protein chains, in line with their better unfolding when greater shear forces acted and the subsequent well oriented packaging in the film network. The incorporation of tocopherol led to a coarser matrix, but precisely how coarse depended on its proportion in the film and the homogenization conditions. Microfluidization greatly favoured the fine lipid dispersion in the protein network whereas rotor-stator gave rise to a more heterogeneous structure. The higher the tocopherol ratio, the greater the heterogeneity.
The film microstructure reveals relatively poor stabilizing properties of pea protein with respect to alpha-tocopherol, which implies the use of high-energy input homogenization systems to ensure a good dispersion of the lipid in the film matrix. In this sense, the amount of lipid at the film surface will be less effective as a controlled release antioxidant due to the high-oxygen availability and faster molecule oxidation. Previous studies show that films' optical properties are directly related with their microstructure, especially in systems containing lipids (Fabra et al. 2009; Souza et al. 2009; Jiménez et al. 2010) . Depending on the droplet size distribution and the differences in the refractive index of the different phases, the dispersed lipids contributed to light scattering, which can lead to the films losing transparency. Table 1 shows the Ti of the studied films, measured at 550 nm. According to the Kubelka-Munk theory, an increase in Ti values is associated with an increase in the films' transparency. In general, very similar values of Ti were obtained for all the films equilibrated at a different RH, and no significant effect of tocopherol addition was observed. Nevertheless, a slight, but significant, increase in Ti occurred when the equilibrium RH was equal to or higher than 53 % for all the microfluidized films and for T films containing the greatest tocopherol ratio. This increase can be explained in terms of the water gain of the films and the more hydrated protein chains, which leads to less compact chain packaging, and to a reduction in the overall refractive index of the material. Nevertheless, it is remarkable that, in general, this effect was not observed for nonmicrofluidized samples, probably due to the fact that the protein network was not as well-ordered, which makes it impossible to observe the hydration effects. Fabra et al. (2010 Fabra et al. ( , 2011 also reported that microfluidized sodium caseinate-oleic acid or stearic acid films were slightly more transparent than the corresponding non-microfluidized samples. Likewise, the addition of solid lipids (saturated fatty acids or waxes) provoked a greater reduction in film transparency than liquid lipids, such as oleic acid or alphatocopherol, which can be due to the similar values of the refractive index of the continuous and dispersed phases.
Barrier Properties
The analysis of the WVP provides information about how suitable the film is to be applied as a coating or a film. In this study, three different RH gradients (53/100, 53/75 and 33/ 53 % RH) were studied in order to simulate the driving force existing in a food product with high, intermediate or low water activity when exposed to an atmosphere with 53 % RH, which is quite a standard percentage. Figure 3 shows WVP values of T and M films with the different alpha-tocopherol ratios. The sharp increase in every WVP value for 53/75 and 53/100 % RH gradients can be observed, coinciding with the much more plasticized film structure, with greater molecular mobility, in these cases where the films' mean moisture content was higher. Assuming that each side of the film was equilibrated at the respective a w of the gas phase it was in contact with, an a w profile was established through the film thickness during the experiment, associated to a moisture content profile. So, films analyzed at 53/100 % RH had a higher water content than those equilibrated at 33/53 % RH. A rise in the water content of the film implies an increase in molecular mobility and in every diffusion-dependent property, such as transport properties (Roos 1995) . Mauer et al. (2000) also reported an increase in the WVP of β-casein films when 53/75 % RH gradient was applied, as compared with that obtained for a RH gradient of 33/53 %.
The addition of alpha-tocopherol significantly reduced (p<0.05) the WVP values of films for RH gradients of 33/ , analyzed at three different relative humidity gradients (33-53, 53-75 and 53-100 %). "T" and "M" refer to the homogenization process (Ultraturax -T-or Microfluidization-M-) and the number to the amount of tocopherol (mg g −1 protein) in the film 53 and 53/75 %, regardless of the homogenization conditions. Similar effects have also been observed in sodium caseinatealpha-tocopherol films (Fabra et al. 2011) . At these RH gradients, the ratio of the alpha-tocopherol did not significantly (p>0.05) affect the WVP values of non-microfluidized films (T films), these being the lowest ones. However, in microfluidized films, the lowest ratio of tocopherol was less effective than in non-microfluidized films. A reduction in the WVP of the films is expected when hydrophobic compounds, such as tocopherol, are dispersed in the matrix. Nevertheless, differences in the effectiveness of the reduction can occur due to structural features, such as lipid particle size (McHugh and Krochta 1994), lipid layer formation (Jiménez et al. 2010) or lipid-protein interactions . As commented on above, the lipids appeared to be better dispersed and with less creaming separation in microfluidized samples. The formation of a lipid layer at the top of the film can be very effective at reducing WVP, since this constitutes a perpendicular barrier to mass transport. In microfluidized films, this occurs most notably at the highest tocopherol ratio, where the lowest WVP value was found.
At the RH gradient of 53/100 %, the effect of the alphatocopherol on WVP was different for T and M films. Whereas a similar pattern to that previously described was observed for T films, microfluidized films showed higher WVP values when they contained alpha-tocopherol; the higher the tocopherol ratio, the greater the WVP. This behaviour suggests that, above a certain moisture content in the film, lipid-protein interactions in the matrix were promoted in microfluidized samples, giving rise to a more plasticized structure favouring the transport of water molecules. In this sense, it is remarkable that the mean moisture content in the films was the highest when this RH gradient was applied. Likewise, structural changes that take place in the proteins caused by the high pressures which microfluidization provokes may induce the reorganization of the protein brands (more stretched protein chains), thus favouring the formation of new bonds and interactions between amino acids and lipid compounds. This new arrangement of the protein-lipid system could lead to greater interchain spaces, which makes the diffusion of water molecules throughout the matrix easier. The fact that this phenomenon was only reflected under high moisture content conditions indicates that the hydration level of the matrix is relevant to protein-lipid interactions, as reported by Fabra et al. (2010) for sodium caseinate-oleic acid films. Water plasticization was more effective in caseinate-oleic acid systems for water activities of over 0.53.
The oxygen permeability (OP) values of microfluidized and non-microfluidized films are shown in Table 2 . The parameter with the maximum influence on OP is the equilibrium RH due to the great impact of the film's water content on both the molecular mobility and the diffusion-dependent properties, as previously commented on in the case of WVP development. The effect of the addition of tocopherol and the microfluidization process on OP values was influenced by the film's moisture content. At 33 % RH, both microfluidized and non-microfluidized films exhibited lower values of OP when they contained alpha-tocopherol; the higher the tocopherol ratio, the lower the OP values. Microfluidization also implied a decrease in the OP, as compared with the corresponding non-microfluidized samples.
At intermediate (53 %) RH, the same tendency was observed for non-microfluidized samples, but tocopherol was observed to exert the opposite effect in microfluidized samples, the M100 sample showing the highest OP value. At high (75 %) RH, no significant effect of either the addition of tocopherol or the microfluidization process was observed, except for M100 samples that showed a significantly higher OP value. These results are coherent with those previously commented on for WVP and related with the effect of proteinlipid interactions as a function of the water available in the microfluidized matrices.
The presence of liquid lipids in hydrocolloid matrices usually provokes an increase in OP values due to the promotion of the gas solubility in the matrix (Fabra et al. 2012; Bertan et al. 2005) . Nevertheless, when the lipid has antioxidant properties, such as tocopherol, OP reduction was observed, which was attributed to the chemical blocking effect of oxygen (Jiménez et al. 2013) . Byun et al. (2010) , however, reported that the OP of polylactic acid (PLA)-butylated hydroxytoluene (BHT) films increased after the addition of alpha-tocopherol.
The chemical action of the antioxidant, that of controlling OP, was also observed in the studied films, except for samples equilibrated at the highest RH and for microfluidized samples with an intermediate RH, where OP was either not affected or increased depending on the tocopherol ratio. At the highest moisture content, the great molecular mobility in the protein matrix could mask other less relevant effects on OP. At an intermediate moisture content, microfluidization implied a decrease in OP, and the unexpected effect of tocopherol could be due to the structural changes associated with the proteinlipid interactions, which lead to more plasticized matrices with higher molecular mobility, as commented on above. The reduction of OP in microfluidized matrices could be due to the more tightly packed protein chains in the matrix after the unfolding process induced by high pressure. A more compact arrangement of the polymers may limit mass transport through the film.
Mechanical Properties Figure 4 shows the mechanical parameters (EM, TS and E at break) of microfluidized (M) and non-microfluidized (T) films, conditioned at different relative humidities. As expected, the mechanical parameters of all the films were greatly affected by the RH; the EM and TS decreased when the RH rose, while elongation at break changed depending on the film. The EM and TS of non-microfluidized samples were more sensitive to the changes in the film's moisture content than those of microfluidized films. The EM and TS values fell sharply when the ratio of alphatocopherol in the film rose, in both T and M pea protein films, although the TS decrease was much less marked in microfluidized samples at intermediate and high RH. The introduction of discontinuities into the polymer network, with the development of a heterogeneous structure, reduced the cohesion forces in the matrix, decreasing its stiffness and resistance to break. Likewise, the above-mentioned tocopherol-protein interactions lead to a weakening in the polymer structure, producing a similar effect to plasticizers. Therefore, tocopherol-free films were stronger than those containing lipids, as observed by Byun et al. (2010) . However, at high RH (75 %), the effect of lipids on the EM values was mitigated due to the serious weakening effect provoked by the water plasticization of the matrix.
In lipid-free films, whereas microfluidization at low RH produces films which are less stiff, at high RH, they are much more extensible and resistant to break. The sensitivity of the film's resistance to moisture content was lower when they contained tocopherol. The films' stretchability was notably enhanced when the RH increased. This behaviour confirms the aforementioned promotion of protein-lipid interactions when the homogenization conditions are more intense, while the unfolded protein chains are packed in the film in a more ordered arrangement, permitting their slippage during the film extension without film rupture. Similar results were observed by Ma et al. (2012) in gelatin-olive oil composite films. They observed that the elongation at break increased as the microfluidization pressure or cycle increased, producing more extensible films.
Antioxidant Activity and Alpha-Tocopherol Concentration in the Films
The antioxidant capacity (measured by the ABTS method) of films is shown in Table 3 , expressed as the milligram of dry film which gives the same absorbance reduction as 1-mM Trolox solution (TEAC values). M and T control films (without alpha-tocopherol) did not exhibit antioxidant activity. Therefore, the obtained TEAC values were referred to the alpha-tocopherol present in the films by considering its mass fraction in the dry sample. The antioxidant properties of other protein-based films have been reported by several authors (Salgado et al. 2010; Salgado et al. 2011) . They found that soybean and sunflower protein-based films had antioxidant activity, which could be attributed to the residual content of phenolic compounds or flavonoids present in the sunflower or soybean seeds remaining in the protein isolation. Gómez-Estaca et al. (2009) also observed some antioxidant activity in skin gelatin and commercial fish gelatin-based films, which was mainly attributable to the peptide fraction of gelatin (Samaranayaka and Li-Chan 2008) .
The TEAC values of the films referred to tocopherol were higher (lower antioxidant capacity) than those obtained for a pure alpha-tocopherol sample (0.58±0.09 mg). This means that tocopherol in the films reduced their antioxidant properties. This reduction can be attributed to the loss of alphatocopherol activity during the different film formation steps due to the phenomenon of oxidation or to interactions with the protein matrix which retains the antioxidant, thus preventing its complete extraction. In fact, the alpha-tocopherol concentrations determined in the film extracts (Table 3) were lower than the theoretical values initially added to the film, the quantity lost ranging between 20 and 30 % of the initial amount, regardless of the homogenization process. Nevertheless, as shown in Table 3 , the homogenization conditions seem to affect the antioxidant capacity of the films. For a given tocopherol concentration, microfluidized films showed greater antioxidant activity (lower TEAC values). This may be due to the promotion of tocopherol interactions with some peptides released from the protein during microfluidization, which could enhance the antioxidant activity of the lipid. As mentioned above, microfluidization favours the formation of new bonds and interactions, leading to a protein network with more stretched chains. Likewise, microfluidization also promotes depolymerization that, in this case, could release some peptides which, in turn, could enhance the antioxidant capacity of tocopherol through their molecular interactions.
Conclusion
Barrier, tensile and optical properties, as well as the antioxidant capacity of pea protein-tocopherol films, were influenced by the homogenization conditions of the film-forming emulsions, the amount of the alpha-tocopherol added to the protein matrix and the level of RH at which films were equilibrated. At low levels of RH, alpha-tocopherol addition improved the oxygen and water vapour barrier properties, whatever the homogenization used; however, that does not occur at high RH levels probably due to the masking effect of water plasticization. The microfluidization process had a positive effect on film properties through the promotion of protein unfolding and protein-tocopherol interactions. This work demonstrates the potential of pea protein and alphatocopherol as a means of developing biodegradable films with antioxidant activity and enhanced barrier properties when they were stored at low or intermediate levels of RH. Furthermore, the alpha-tocopherol addition produced minimal changes in the transparency of the pea protein films. The mechanical properties were greatly affected by the homogenization Sample nomenclature was Yn, where "Y" refers to the homogenization process (Ultraturax (T) or Microfluidization (M)) and "n" is the amount of alpha-tocopherol (60 or 100 mg alpha-tocopherol g −1 protein) in the film process, since microfluidized films stored at intermediate and high levels of RH were more extensible and resistant to break than their counterparts prepared with the rotor-stator.
